To study phenotypes and spatial distribution of Aphanomyces in sugarbeet fields with histories of root rot, 80 soil cores were collected 1-m apart along a transect in one field eacb in Minnesota (MN), North Dakota (ND), and Texas (TX). Aphallomyces was isolated from 52, 84, and 49% of the soil cores collected in MN, ND, and TX, respec tively. RandomJy amplified polymorphic DNA (RAPD) analysis was completed on 41, 41, and 39 isolates from MN, ND, and TX, respectively, and A. euteiches as an outgroup. A single polymorphic (1400 bp) RAPD product was specif ic to 56% of the Texas isolates. Oogonia of isolates from sugarbeet had a mean diameter of 23.2 ~tm compared to two isolates of A. euteicizes which had a mean diameter of 26.1 !-lm. Isolates of Aphanomyces from sugarbeet were highly pathogenic on sugarbeet and root rot indices (0 to 100 scale) ranged from 67 to 100 (n=12); the same isolates were not pathogenic on pea, oat, or tomato. Isolates of A. euteiches were pathogenic only on pea. RAPD analyses, morphology, and pathogenicity of our isolates from sugar beet were consistent with the description of A. cochlioides. Ordinal runs analysis detected aggregation of A. cochlioides in MN and TX fields (P = 0.029, P = 0.002, respectively) while isolates at the ND site were uniform (P = 0.89).
A phanomyces cochlioides Drechs. causes significant perennial losses in sugarbeet (Beta vulgaris L.) yield in the United States and throughout the world (Didelot et al.,1995; Drechsler. 1929; Papavizas and Ayers, 1974; Payne et al.,1994; Smith, 1997; Szymczak and Banaszak. 1994; Windels and Lamey, 1998) . When soil is warm (15 35°C) and wet, A. cochlioides infects seedlings as well as older roots and results in root rot and stand losses. The Red River Valley (RRV) of Minnesota and North Dakota plus west central Minnesota is the lead ing region in sugarbeet production in the United States with about 300,000 ha planted annually (Bangsund and Leistritz, 1999) . Unusually wet weather in this region for the last 10 years has resulted in increased prevalence and severity of Aphanomyces root rot. A recent survey esti mates that A. cochlioides infests about 50% of the land planted to sug arbeet in the RRV and west central Minnesota (B. J. Jacobsen, Montana State University, Bozeman, personal communication). In 2000, the eco nomic impact of Aphanomyces root rot on about 200,000 ha of sugar beet in the RRV was conservatively estimated at $18 million in direct losses to producers from abandonment of 8,000 ha and yield losses in other infested fields (A. Cattanach, American Crystal Sugar Co., Moorhead, MN, personal communication) .
Oospores of A. cochlioides form in diseased roots and persist in soil for many years (Papavizas and Ayers. 1974 ) so disease manage ment is essential for continued production of sugarbeet. Controls con sist of partially resistant cultivars. seed treatment (hymexazol), early planting, control of weed hosts, long rotations between sugarbeet crops, and avoidance of heavily infested fields (Windels and Lamey, 1998) . In wet seasons when Aphanomyces root rot is severe, these control meas ures have not resulted in economic returns to producers. There also are concerns that possible variability in populations of A. cochlioides affect efficacy of hymexazol or stability of cultivar resistance to root rot. If such variability occurs, then spatial distribution of the pathogen also needs to be understood as a factor in disease management.
Isolates of Aphanomyces cultured from diseased sugarbeet roots often are assumed to be A. cochlioides but other species also are reported as pathogenic to sugarbeet (Larrson, 1994; Scott, 1961) . Three species have nearly identical morphological traits but A. cochlioides is highly pathogenic to sugarbeet while A. camptostylus Dresch. (primary host is oat, Avena sativa L.) and A. cladogamus Dresch. (primary host is tomato, Lycopersicon esculentum L.) are marginally pathogenic to sugarbeet (Scott, 1961) . A fourth potential species isolated from spinach (Spinacia oleracea L.) and barley (Hordeum vulgare L.) in Europe, reported as "AT', has larger oospores than the other three species and is moderately pathogenic on sugarbeet (Lanson. 1994) . It is unknown if species other than A. cochlioides attack sugarbeet in the RRV and west central Minnesota. Cereals are grown in the region, but spinach and tomato are not grown commercially.
Molecular markers provide an important tool for understand ing variability between and within species of Aphanomyces. Cultures isolated from spinach. sugarbeet, and several weed and crop species were assigned to four species by isozyme analyses (Lanson, 1994) . More recently, randomly ampljfied polymorphic DNAs (RAPDs) clis tinguished variability within A. euteiches, which conelated with host preference (Malvick et aI., 1998) .
In the research reported here, three fields with a history of Aphanomyces root rot were sampled to detenrune: 1) if cultures of Aphanomyces isolated from sugarbeet have characteristics consistent with A. eachljoides based on RAPDs, morphology, and pathogenicity and 2) the spatial clistribution of Aphanomyces inoculum within these fields. A preliminary report has been published (Dyer et aI., 1998) .
MATERIALS AND METHODS

Apho.nomyces isolations
Soil samples were collected in June or July, 1997 from one field each near Buffalo Lake, Minnesota; Cavalier, North Dakota; and Bushland, Texas. The Minnesota and the Texas sites had histories of over 30 years of sugarbeet production and Aphanomyces root rot. The North Dakota site had a history of small grain and dry bean production but when planted to sugarbeet for the first time in 1996, the crop was severely affected by Aphanomyces root rot. At each site, starting approximately 30 m from the edge of the field, a soil core was collect ed every meter along a transect for a total of 80 samples. For Minnesota and North Dakota samples, soil cores were approximately 7.5 cm in cliameter and 15 cm in depth. For Texas samples, cores were 2.5 cm in diameter and 15 cm in depth. Inclividual cores were placed in paper bags and stored at 23°C.
Within 1 week of collection, each soil core was passed through a 6-mm galvanized wire mesh screen and 20 cm' of soil was clispensed into an individual cell (2.5 x 2.5 x 8 cm) of a plastic cutting tray. Soil was added to alternating cells in a row, with every other row skipped to avoid cross-contamination. Sugarbeet seeds of American Crystal 'Maribo Ultramono' were treated with metalaxyl and pentachloroni trobenzene (0.3 and 1 g a.i. kg', respectively) to avoid infection by Pythium spp. and Rhizoctonia solani KUhn. Two seeds were planted per cell and trays were placed in a growth chamber at 24 ± 1°C with a 16 h photoperiod. Soil was watered as needed to keep moist. Seedlings were monitored daily. Dead and dying seedlings were removed, washed, and sutiace-treated in 0.5% NaOCI for 15 sec, rinsed twice with sterile dis tilled water (SDW), and placed in Petri dishes containing SDW. Seedlings were examined after 24, 48, and 72 h and those with micro scopic stmctures typical of Aphanomyces were placed on a semi-selec tive meclium (Pfender et aI., 1984) . At 30 days after planting, all sur viving seedlings in the cutting trays were removed and assayed for Aphanomyces following the same procedures.
Isolates collected from the seedling assay were transferred to corn meal agar (CMA, Difco, Detroit, MI) supplemented with rifampicin (38 mg/L). For each isolate, a single hyphal tip was trans ferred to a new CMA plate to insure only one genotype per isolate. Cultures were stored in SDW and were replaced in storage every 6 to 9 months by culturing on CMA with rifampicin to repeat the process for storage (Windels, 2000) .
RAPD analyses
Mycelium for DNA extractions was grown from mycelial plugs in sta tionary culture for 3 days on 10% V8 broth amended with rifampicin (50 mg/L), penicillin G (50 mg/L) and CaCO) (I gIL). These culture conditions adequately controlled bacterial contaminants (Dyer and Leonard, 2000) . Mycelia were separated from broth with Whatman #1 filter paper using a vacuum pump. Mycelial mats were rinsed once with SDW to remove residual broth. Two mats were harvested per isolate; one mat was processed imrnecliately for DNA extractions and the other was stored at -20°C as a backup.
One hundred and forty-seven decamer primers with G+C con tents ranging from 60 to 80% weI"" screened for use in RAPD analyses. Primers were obtained from three commercial primer sets (Genosys Biotechnologies Inc., The Woo 1.1 ds, TX; Operon Technologies Inc. Alameda, CA: University of Britb h Columbia, Canada) and one previ ously reported set (Kubelik and Szabo, 1995) . Primers were screened against DNA collected from one isolate of A. cochlioides each from Texas and Colorado (provided by Dr. C.M. Rush, Texas A & M, Bushland) and three isolates fro m Minnesota. Based on results of the initial screening, six primers were selected (Table 1) to analyze the pop ulations of Aphanomyces isolated from sugarbeet.
RAPD analyses (Welsh and McCelland, 1990; Williams et al., 1990) were conducted on 41, 41, and 39 isolates of Aphanomyces col lected in Minnesota, North Dakota, and Texas, respectively. Two iso lates of A. euteiches (supplied by Dr. D.K. Malvick, University of Illinois, Urbana) were included as an outgroup in all experiments. Attempts to acquire isolates of A. camptostylus, A. cladogamus, and "A3" for this study were unsuccessful.
Preparation and quantification of DNA for RAPD analyses fol lowed the protocol of Malvick et al. (1998) except NaCI was not added to the extraction buffer. The RAPD reactions were performed in a total volume of25/-ll containing 4 mM MgCl ; 50 mM KCl; 10 mM Tlis -HCI (pH = 8.3); 0.001 % gelatin; 50 mm dATP, dTTP, dCTP and dGTP; 10 pmoles of primer; 5 ng of genomic DNA; and I unit Amplitaq poly merase (Perkin Elmer, Foster City, CA). Amplifications were per formed in either a PTC 100 or a PTC 200 thermocycler (MJ Research Inc. Watertown. MA) programmed as follows: 1) 2 min at 94°C for ini tial melting, 2) I min at 94°C, 3) I min at 36°C, and 4) 2 min at n°e.
Steps 2 through 4 were repeated 39 times followed by a final 10 min at n°e.
Morphology
Twenty isolates of Aphanomyces from sugarbeet and two isolates of A. euteiches were measured with a micrometer at 400X for diameter of hypae, oogonia, and zoospore cysts and for number of antheridia sur rounding the oogonia. To measure diameters of hyphae, isolates were grown on CMA amended with rifampicin (25 /-lg mI") for 3 to 5 days in the dark at 23 ± l°e. A 3-mm diameter piece of agar was removed at the margin of each actively growing culture, compressed under a cover slip, and the diameter of 10 hyphae per isolate were measured. To measure the diameter of oogonia, cultures were grown in 30 ml of oat broth (Parke and Grau, 1992) in 25 x 100 mm test tubes and incubated in the dark from 33 to 37 days at 23 ± l°e. Ten randomly selected oogonia were measured per isolate and numbers of antheridia surrounding each oogonium were counted. Zoospores were produced following the protocols of Mitchell and Yang (1966) , as modified by Windels (2000) . A 2-ml aliquot of the resulting zoospore suspension was added to a test tube and placed on a vortex mixer (Labline Instruments, Inc., Melrose Park, IL) for 30 sec to initiate encystment of zoospores. Diameters of ten zoospores were meas ured in a Spiers-Levy Esinophil counting chamber.
Pathogenicity tests Twelve isolates of Aphanomyces fromsugar'beet and two of A. euteich es (same as evaluated for morphology) were evaluated for pathogenici ty on sugarbeet, oat, tomato, and pea. Isolates were grown on 20 ml water agar (WA) amended with 100 mgfL CMA (to encourage growth of A soil mixture (Waukegan silt loam field soil: sand: peat: com posted manure, 6:6:5:2, v:v:v:v, pH = 7.2) was pasteurized for 2 h at 7Ye. Soil was added to lO-cm diameter plastic pots (350 cm'/pot), watered, and then a 7-day-old culture of Aphanomyces on WA amend ed with CMA was placed on the surface. For oat (,Rodney') and pea (,Little Marvel'). five seeds were placed equidistantly on the agar sur face and covered with 100 cm} of soil. For sugarbeet, 50 cm' of soil was placed over the agar, sown with 20 seeds of . American Clystal 9363' (treated with melalaxyl and thiram at 0.625 g and 2.5 g a.i . kg' of seed, respectively), and then were covered with 50 cm] of soil. Tomato seed (,Rutgers') was placed on moistened paper towels in the dark for 48 h to prime germination and then planted (10 seeds/pot) following the pro cedure desclibed for sugarbeet. Pots were placed in a randomized design in a greenhouse set at 18°C (night) and 26°C (day) with a 12-h photoperiod. Soil was watered to keep moist. There were three repli cates per isolate and crop. When the pathogenicity experiment was repeated, several modifications were made: A. euteiches isolate 467 was substituted for Ae 174 (which had died in storage); the soil mixture was a field soil and sand mixture (3: 1, v:v) that was autoclaved (l h on two consecutive days); there were four replicates per isolate and crop; and the experiment was performed in a growth chamber with a 16-h photoperiod at 20°C for the first week. followed by 2Ye.
Stand counts were made at emergence and every 2 or 3 days thereafter until 3 weeks after planting. Dying seedlings were removed and assayed for Aphanomyces as previously described. Three weeks after planting, roots of remaining seedlings of all crops were rated for root rot on a 0 to 3 scale where 0 = completely healthy and 3 = dead or dying. A root rot index (RRl) then was calculated (Windels and Nabben-Schindler, 1996) . Roots were collected from one pot per isolate per crop and assayed for Aphanomyces, as previously described.
Statistical methods
The two-sample t-test was used to compare morphology and patho genicity among isolates sorted by location and RAPD phenotypic group. Variability among individual isolates for morphology and path ogenicity was performed with a single-factor analysis of variance. When data were significant, a Tukey-Kramer multiple comparison test was performed (P = 0.05). Root rot indices were subjected to square root, arc sin transformations and analyzed by a single-factor analysis of variance. If the analysis showed significant variation among isolates, a Tukey-Kramer multiple comparison test was pertormed to identify dif ferences (P = 0.05). Runs analyses (Madden et aI., 1982) were per formed to determine spatial distribution of Aphanomyces alon~ tran sects at the three sites. To test for genotypic independence among clos est neighbors, a X' test of independence was conducted.
RESULTS
Cultures
The seedling assay of soil samples collected from sugarbeel fields in Minnesota, North Dakota, and Texas resulted in isolation of 42,67, and 39 cultures of Aphanomyces, respectively, and represented isolations from 52, 84, and 49% of the soil cores, respectively.
RAPD analysis
In initial screening of 147 primers against five isolates of Aphanomyces from sugarbeet (three, one, and one isolates from Minnesota, Texas, and Colorado, respectively) only one polymorphic product was detected by the primer CRL-33. Five other primers produced between five and 12 clearly amplified DNA products and sizes ranged from 500 to 2550 base pairs (bp) ( Table 1) . These six primers were selected for analysis of 121 isolates of Aphanomyces from sugarbeet and two isolates of A. euteich es. A total of 47 RAPD products were scored. Sixteen were specific to Aphanomyces isolates from sugarbeet seedlings and 10 were specific to .. -: . . ,... A. euteiches. To assure reproducibility, RAPD analysis of the North Dakota population was repeated and no change in amplified products was detected. A single polymorphic 1400 bp product amplified by plimer CRL-33 was detected among the sugarbeet isolates (Fig. 1) . It was not detected within the Minnesota and North Dakota populations but was a unique subset of the Texas population. Twenty-two of the 39 Texas isolates (56%) displayed the 1400bp product.
Morphology
Irrespective of geographic source or RAPD phenotype, isolates did not significantly differ for number of antheridia per oogonia (mean 3.0, s.d. = 0.30, P = 0.78), encysted zoospores (mean =10.2 lAm, s.d. = 0.55, P = 0.92). or for diameter of hyphae (mean = 7.0 ~lm, s.d.= 0.45, P = 0.63) ( Table 2) . No significant differences were identified for oogonial diam eter of isolates from sugarbeet (averaged 23.2 lAm, s.d. = 0.86) among locations or among RAPD phenotypes (P > 0.05). Comparison analysis among isolates, however, showed that oogonia of isolate B 1 from Buffalo Lake, MN, were significantly larger than oogonia of iso late T71 from Bushland, TX (Tukey-Kramer multiple comparison test, P = 0.05).
Oogonia diameters for A. eUleiches isolates averaged 26.1 lAm (s.d. = 0.98) and were significantly larger than oogonia of Aphanomyces isolates from sugarbeet (P < 0.001). All Aphanomyces isolates from sugarbeet produced smaller oogonia than those of A. eutieches and most (65%) were significantly smaller (Tukey-Kramer multiple comparison test, P =0.05).
Pathogenicity
In the first experiment. sugarbeet sown in soil inoculated with Aphanomyces isolates obtained from sugarbeet had an average RRI of 94.4 (range: 64 -100) and most isolates were equally virulent (Table 3) . Isolate B22 and T71 (a 1400 bp RAPD phenotype), however, had indices of 92 and 86 respectively, which were significantly lower than most isolates but were significantly greater than isolate T72 (RRI = 64, P = 0.05). At time of inoculation, mycelium had reached margins of the plates for all isolates except isolate T71. In the second experiment, sug arbeet sown into soil inoculated with Aphanomyces had a mean RRI of 97.7 (range: 87 to 100) and only isolate B 14 had a significantly lower RRI compared to other isolates from sugarbeet (Table 3) .
In both experiments, all isolates of Ap!;-anomyces from sugar beet were not pathogenic on pea (Table 3) but 'isolate B 13 was re-iso lated from one pea seedling (data not shown).
Cultures of A. euteiches were pathogenic on peas but not on 'Values in columns followed by the same letter are not statistically sig nificant, Tukey-Kramer Multiple Comparison Test (P = 0.05); root rot indices for the control and isolates of A. euteiches were excluded from analysis because of lack of pathogenicity on sugarbeet.
sugarbeet (Table 3) . None of the isolates were pathogenic on oat or tomato seedlings in both experiments (data not shown).
Spatial distribution
Spatial patterns of A. cochlioides along the sampling transects were aggregated at the Minnesota and Texas sites (P =0.029 and P =0.0023, respectively, Fig 2) : soil cores yielded 52 and 49% isolates, respective ly. Spatial distribution at the North Dakota site, where most soil cores (84%) yielded isolates, approached uniformity (P =0.89, Fig 2) . For the Texas site, where two RAPD phenotypes occurred. a t test of inde pendence indicated that the phenotype of an isolate had no effect on the phenotype of an adjacent isolate (P = 0.12).
Buffalo Lake, Minnesota .. . ....... . . ................ .. .. ............................................................... . Isolates are aggregated for Buffalo Lake, Minnesota (runs analysis of spatial distribution: P = 0.029) and Bushland, Texas (P =0.0023) but are uniformly distributed at Cavalier, North Dakota (P =0.89); 0 =isolates that produce the 1400 bp product with primer CRL33 and. = isolates that do not produce this product.
Bushland, Texas
DISCUSSION
Assessment of RAPD analyses, morphologic characters, and patho genicity trials consistently revealed that Aphanomyces cultures isolated Vo141 No 1 & 2 in three sugarbeet fields with a history of root rot represent a single species, A. cochlioides. Based on morphology, pathogenicity, and RAPD data, genetic diversity within this species is Iirillted. Distribution of inoculum of A. cochlioides was highly aggregated (Minnesota and Texas sites) but when inoculum levels were high, distribution was uni form (North Dakota site).
